In order to clarify how different treeing lifetime and tree growth behavior were between epoxy resins and their nanocomposites, laboratory-prepared epoxy/boehmite alumina nanocomposites were subjected to local high electric filed using treeing test cells, and were evaluated on their treeing performances. Both results experimentally obtained are interpreted based on a multi-core model, and some contradiction in explanation is pointed out for further research. A crossover phenomenon was newly found and interpreted in terms of the multi-core model.
Objectives
In order to clarify how different treeing lifetime and tree growth behavior were between epoxy resins and their nanocomposites, laboratory-prepared epoxy/boehmite alumina nanocomposites were subjected to local high electric filed using treeing test cells, and were evaluated on their treeing performances. Both results experimentally obtained are interpreted based on a multi-core model, and some contradiction in explanation is pointed out for further research. A crossover phenomenon was newly found and interpreted in terms of the multi-core model.
Results
Treeing phenomena in epoxy/alumina nanocomposite were experimentally investigated and explained to some extent in terms of a multi-core model. Role of nano-fillers was discussed and clarified for treeing resistance. Major results are as follows:
(１) Alumina nano-fillers are effective to suppress both tree initiation and propagation. Optimum content of the nano-fillers is around 5 wt% at our current manufacturing technology.
(２) It was found that there are two kinds of tree growth processes, i.e. thin channel formation and thick channel formation. At high field, the former is followed by the latter.
( ３ ) It was elucidated that thin tree channels reach the opposite electrode at high field, but cause no breakdown in both pure epoxy and its nanocomposite. Treeing breakdown takes place, when thick channels bridge a dielectric specimen, as usually anticipated.
(４) Tree channels are broadened from thin to thick by partial discharges (PD's) taking place inside the channels. PD products emerge onto the inner surface in nanocomposites, but no PD products are traced in pure epoxy.
(５) A crossover phenomenon as shown in Fig. 1 is recognized in tree growth vs. applied voltage characteristics between pure epoxy and its nanocomposite. Selective paths for thin tree channel formation at high field are assumed in the nanocomposite for explanation.
(６) Increase in tree initiation threshold is explained by the increase in the height of a barrier between the electrode and the dielectric. This increase is substantiated by the effect of charge redistribution that is considered to be formed near the metal electrode. This charge redistribution must be caused by the collective role of the electric double layers that each of the multi-cores in the multi-core model may possess.
(７) Difference in the speed of thin channel formation at high electric field between pure epoxy and its nanocomposite is interpreted by the concept of rather straightforward selective paths. It is suggested that such paths will be effective with the repulsive force caused by charge tails of the electric double layers that the multi-cores of nano-fillers generate.
(８) At medium electric field, nano-fillers or multi-cores are considered to work as high permittivity media to invite a tree tip filled with partially ionized conducting gas. This can explain longer tree growth time in nanocomposites than in pure epoxy.
(９) Nanocomposites are more erosion-resistant inside the tree channels than pure epoxy, as clarified in surface PD resistance tests. This performance will prolong the time to form thick channels, and thereby the time to failure.
(10) From the standpoint of the multi-core model, it is expected that the rigid formation of the first layer or the bonding strength between fillers and matrices by chemical binding forces such as silane coupling will extend the time to broaden the diameter and length of the tree channels, and thereby the treeing life. But there is no direct evidence available yet. 
Member
Epoxy/alumina nanocomposites were prepared in laboratory to be shaped into specimens suitable for treeing experiments. It was elucidated that treeing breakdown strength would increase, if epoxy resins were nanostructured with nano-fillers such as nano boehmite alumina fillers with their loading from 5 to 10 wt%. Tree initiation time is prolonged, as the filler content increases. Tree morphology is different between base resin and its nanocomposite specimens. A new crossover phenomenon is recognized, i.e. thin channels extend more quickly to reach the opposite electrode in nanocomposites than in pure epoxy above ac 20 kV (1000 kV/mm in the tip of the needle), while they show slower growth in nanocomposites than in pure epoxy below ac 15 kV (750 kV/mm). It should be noted that the reach of such thin channels to the grounds does not mean breakdown, but such formed trees grow in width at later stage to cause final breakdown. Treeing phenomena obtained are analyzed and interpreted by a multi-core model to cover various findings of treeing phenomena in nanocomposites.
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Introduction
Polymer nanocomposites have drawn much attention, because they are potentially expected to have much improved characteristics over pure polymers by adding a few amounts of nano-fillers (1) (2) . Various dielectric properties were investigated on nanocomposites; permittivity, dissipation factor, low field conductivity, high field conductivity, space charge, dielectric breakdown strength, treeing properties including treeing breakdown time, partial discharge (PD) resistance, thermally stimulated current, electro-luminescence, photo-luminescence, and the like, which suggested much favorable change in character.
Treeing phenomena were investigated for epoxy and XLPE nanocomposites, where a needle-plane electrode is used for evaluation to generate extremely high local electric field. It was found that life to breakdown is 100 times longer in an epoxy-titania (23 nm) nanocomposite than in an epoxy-titania (1.5 µm) microcomposite at the high tip field of 400 kV/mm. It is expected from extrapolation that the life of the nanocomposite will be prolonged by 10, 000 times at the lower tip field of 100 kV/mm (3) . Epoxy/ZnO (65 nm) nanocomposite also exhibits similar characteristics (4) . Addition of only 0.5 wt% would result in more than 3 times lifetime as compared to epoxy/ZnO (1.6 µm) microcomposite at the tip field of 820 kV/mm. Under the electric field of 1,200 kV/mm, the nanocomposite exhibited weak dependence of breakdown time on the filler content up to 0.7 wt%, but showed a sharp dependence on the filler content from 0.7 to 1.0 wt%. It was found that epoxy/silica (10 to 40 nm) nanocomposites exhibit twice longer treeing lifetime at the field of 1 kHz 500 kV/mm at room temperature than pure epoxy does (5) . Increase in treeing life in this system was explained in terms of both segmentation of epoxy by nano-fillers and strength of bonding between nano-fillers and epoxy matrix, which was called a belt-shaped area model (6) . Zigzag or tortuous paths of treeing found in the nanocomposites were ascribed to such segmentation. More surprising result was obtained that a time to failure is two and half orders of magnitude higher in polyethylene/titania nanocomposite than in its base resin (7) . A multi-core model was proposed to explain various characteristics of nanocomposites focusing on the interface between nanofillers and surrounding polymer matrices and inter-core cooperative effects (8) . In order to clarify how different treeing lifetime and tree growth behavior were between epoxy resins and their nanocomposites, laboratory-prepared epoxy/boehmite alumina nanocomposites were made subjected to local high electric field using treeing test cells, and were evaluated on their treeing performances. Both results experimentally obtained in this paper and other data available in literature are interpreted based on the multi-core model, and some contradiction in explanation is pointed out for further research.
Specimens Subjected to Treeing Tests

Materials
Epoxy resin commercially available was 
Specimens
The specimens used for experiments were prepared by a process such as mixing and dispersion of resin and fillers, addition of hardener, molding into a metal mold, degassing, and cross linking and hardening by heating. It is requisite to disperse nano-fillers homogeneously over polymer matrix. For that purpose, two steps were taken in the mixing process; the first stage dispersion by a mixer with rotating blades and the second stage dispersion by a mixer with an orifice to generate high shear force. Cracked surfaces were observed with the scanning electron microscope to check the state of dispersion. Surface state of an epoxy nanocomposite with 10 wt% nano-filler loading is shown in Fig. 1 as an example, which indicates more or less homogeneous dispersion of 30 to 50 nm size nano-fillers over the surface.
Electrodes for Treeing Tests
Iron needles used for treeing tests were 60 mm in length, 1 mm in diameter and 5 µm in tip radius, which were obtainable from Ogura Jewelry Co. Nano-filler dispersed epoxy was molded to form a specimen with a needle inserted, as shown in Fig. 2 and hardened in a high temperature oven. A block specimen after hardening was fixed on a thin copper plate (50×50 mm 2 ) by conducting adhesives. An electrode separation was 3 mm apart between a tip of the needle and the opposite flat electrode.
Experimental Procedures
Voltage Application Tests
A treeing electrode set was immersed in silicone oil filled in a test cell and was subjected to ac high voltage, as shown in Fig. 3 . The flat electrode was fixed to a grounding electrode of the cell with conducting tapes. Voltage was applied at the rate of ac 2 kV/s. Some other experimental procedures are as follows:
(１) Tree propagation was observed, when each specimen was subjected to ac 60 Hz 10 kV voltage across the pair of the electrodes for a specified time between 0.5 and 240 min.
(２) Tree propagation was observed, when each specimen was subjected to ac 60 Hz 20kV voltage across the pair of the electrodes for 4 and 8 min.
(３) Tree propagation was observed, when each specimen was subjected to ac 60 Hz 10 to 25 kV voltage across the pair of the electrodes for 4 and 8 min.
(４) Breakdown time was measured, when each specimen was subjected to ac 60 Hz 30 kV voltage across the pair of the electrodes until 1 h.
Evaluation Methods
A digital microscope was used to observe electrical trees in detail. Some of the specimens were cut and polished so as to observe enlarged inside image of generated trees with the optical and electron scanning microscopes. Figure 4 shows the temporal dependence of electrical tree length. Length of trees was measured in vertical direction between the tip electrode and the opposite flat electrode. Electrical trees were generated at 2 min after voltage application in the case of pure epoxy, grew as time passed by, and reached the opposite electrode. After that, branches of the trees were gradually widened and increased in their number. It is interesting to note that the specimen withstood the voltage even at 240 min under this condition without breakdown.
Experimental Results
Electrical Trees Generated Under AC 10 kV Voltage
In the case of 5 wt% nano-filler loading, there was some data scatter, i.e. electrical trees were generated at 0.5 min after voltage application, and were not recognized even at 60 min, but tree length was less than 200 µm at 240 min. In the case of 10 wt% nano-filler loading, no trees were observed even at 240 min. after 500 nm voltage application. Figure 5 shows tree shapes at 60 min. under ac 10 kV. A tree has a trunk of about 30 µm in diameter, is branched and expanded like dendrites in the case of pure epoxy. Thin channels of the tree reach the opposite electrode without breakdown (outside the photograph). In the case of the 5 wt% loaded nanocomposite specimen, on the other hand, a tree grows up to only 30 µm and in the case of the 10 wt% loaded nanocomposite specimen, no tree is observed.
Thus, it is concluded that nano-fillers act to suppress the generation and propagation of electrical trees in epoxy resin under ac 10 kV.
Photos taken by the optical and electron scanning microscopes are shown for pure epoxy at 240 min. under ac 10 kV in Figs. 6 and 7. SEM image was taken to observe the fractured surface of the specimen cut near the tip electrode in vertical direction (in parallel to the electric field line). In this specimen, thin tree channels reach the opposite electrode and major trees grow in 30 to 50 µm diameter. Tree channels of 10 to 15 µm in diameter happen to be photographed by SEM. These photographs indicate that the inside surface is rather smooth. Figures 8 and 9 show tree shapes and inner surfaces of tree channels at 240 min under ac 10 kV. Trees in these cases are shaped as bush, i.e. bush-like trees. Many tree branches with several tens nm to several µm in diameter are observed. By SEM observation rough inner surfaces are recognized, which indicates that some products are stacked on the inner surface. These products are considered to be related to nano-fillers from their size. They are speculated as nano-fillers themselves, which need further verification. Figure 10 shows the temporal dependence of tree length at ac 20 kV. It is surprising that the length of trees increases with the increase of nano-filler content. For example, under the condition of ac voltage 20 kV and duration time 4 min., tree length is 1.0 mm, 1.2 mm and 1.5 mm for pure epoxy, 5 wt% loaded nanocomposite, and 10 wt% loaded nanocomposite, respectively. Introduction of nano-fillers assists trees to grow more rapidly. This phenomenon seems to be an inverse effect that has not been expected. Figures 11 and 12 show photographs of electrical trees generated at 4 min. under ac 20 kV for pure epoxy and for nano-filler loaded epoxy, respectively. Trees are prolonged up to about 1 mm in vertical direction, and are expanded up to about 1.5 mm in horizontal direction. Similar configuration is also observed, when voltage is applied for 8 min. Even upward tree growth against the original electric field direction is recognized, which is considered to be peculiar. It is concluded that trees are of more or less expanded structure at ac 20 kV for pure epoxy.
Electrical Trees Generated Under AC 20 kV
Trees are not so much expanded in lateral direction in 5 and 10 wt% nanofiller loaded specimens, and have a tendency to grow more in vertical direction than in the pure epoxy. The degree of tree expansion and the number of trees tend to decrease, as the filler content increases.
4.3 Tree Propagation at 4 min. Under AC 10 to 25 kV Figure 13 shows the dependence tree length on applied voltage at 4 min. It is recognized that tree extension is suppressed at voltage lower than ac 15 kV and is promoted at voltage higher than ac 20 kV due to nano-filller loading. Actually, the tree length is 2 times, 4 times and 6 times longer at ac 20 kV than at ac 15 kV for pure epoxy, 5 wt% nano-filler loaded epoxy and 10 wt% nanofiller loaded epoxy, respectively. Attention should be directed to such an unexpected phenomenon that there seems to be an adverse effect of nano-filler inclusion at high electric field. This must be closely related to the shape of trees and perhaps to the difference in the degree of residual strain between pure and nano-loaded epoxy specimens.
Treeing Breakdown Characteristics
It should be noted first of all that the reach of thin tree channels to the opposite electrode does not mean final breakdown. Treeing breakdown takes place after the channels are eroded thick enough by partial discharges inside them. Figure 14 shows the effect of nano-filler loading on treeing breakdown time, when the specimens are subjected to ac 30 kV. Data scatter is somewhat limited for pure epoxy specimens, but large for nano-filler loaded epoxy specimens. Ten specimens are used for breakdown time measurement. Average value analysis indicates that average treeing life at ac 30 kV is about 6 min. and 17 min. for pure epoxy and nano-loaded epoxy, respectively. It is also elucidated that the dispersion of boehmite alumina nano-fillers improves treeing lifetime of epoxy resin. There seems to be not much difference between 5 and 10 wt% loadings, which indicates 5 wt% as an optimum figure. A Weibull probability plot indicates that there is one distribution for pure epoxy, while there seem to be two distinct distributions for loaded epoxy. Table 1 shows lifetime data obtained by the Weibull probability analysis. Improvement due to nanostruturation is recognized as a matter of course. In the case of epoxy nanocomposites, lifetime increases with the increase of nano-filler content at 50 % probability, but it indicates an inverse tendency at 63.2 % probability. This performance must be related to a 
Discussion
Treeing Processes
Electrical trees are generated in polymers, when they are subjected to ac voltage. A process of such ac electrical treeing is generally divided into three basic periods, i.e. (1) tree incubation period, (2) tree initiation period, and (3) tree growth period. It should be also treated from the standpoint of the electric field strength and therefore of the time span, i.e. (i) short time treeing and (ii) long time treeing. The short time treeing breakdown is certainly related to electrical failure, while the long-term treeing breakdown is also of electrical nature with degradation, but may carry mechanical nature in some case. Long-term mechanical fatigue may be involved especially in tree initiation under the low electric field.
No incubation period is anticipated except statistical and formative time lags at extremely high electric field, when intrinsic or electron avalanche breakdown takes place. At relatively low or medium electric field, there is an incubation period during which some fatigue process is involved. It includes some of the processes such as a repeated process of electron injection and extraction, scission of polymer chains by injected high energy electron, oxidation of formed free radicals and auto-oxidation, and even void formation due to repeated Maxwell stress (9) . Trees start either after the statistical and formative time lags at the high field or after the incubation period at the low field. The former process corresponds to the short-time tree initiation, and the latter process is represented by the long-time tree initiation.
Trees grow rapidly in the case of the short-time tree initiation, because the electric field is high around the tree tip. On the other hand, trees extend slowly in the case of the long-time tree initiation, because the electric field is low. It is well recognized that tree growth paths are easily influenced by polymer morphology and residual mechanical strain. It is anticipated that fine tree channels of progressive type reach the opposite electrode at high electric field, while broad tree channels of erosion or degradation type are also formed at low electric field.
A peculiar phenomenon was confirmed as for treeing in epoxy resin (10) , as observed in Fig. 4 . In the tree growth period, its fine and thin tip reaches the opposite electrode without any bridge of breakdown, and still generate its many more branches in the dielectric. Partial discharges take place in tree channels to erode their inside and therefore widen their hollow channels. These thin channels are considered to be formed due to dielectric breakdown of solid but not to be sufficiently thick and spaced to accommodate partial discharges. Therefore, this phenomenon is considered to take place at high field.
Role of Nano-fillers
Nano-scale inorganic fillers are embedded homogeneously in organic polymer matrices in polymer-nanocomposites. As indicated in Figs. 4 and 5, nano-fillers act to suppress tree initiation through some mechanism. It must be closely related to the interface between the high voltage electrode and the nanocomposite set in a needle-to-plane electrode system in contact. A potential barrier in the interface must be directly involved in tree incubation, if any, and tree initiation. Its height will change due to the existence of enormous large number of nano-fillers. It will increase or decrease depending on the charging tendency/the electro-tribological tendency, the electron affinity, the difference in the Fermi level, and the like, which are considered to be all case-sensitive. If the barrier, which is presumably Coulombic, is increased by nano-fillers through some mechanism, electron injection will be reduced so as to prolong tree incubation period and thereby enhance electric field strength for tree initiation. Some of electric field threshold data of electro-luminescence and space charge support the increase in the barrier height, as electron injection is suppressed due to nanostructuration (3) (11) . During the tree growth period, a tip of tree will be influenced by nano-fillers, because the spacing between neighboring nano-fillers is the same order of their diameter, i.e. several tens nm. The tree tip inside is considered to be filled with partially ionized gases to form a conducting needle. The tree tip must move up to a nearby nano-particle, because the local electric field is enhanced, as it has higher permittivity than its surrounding polymer matrix. When the tree tip reaches the surface of a nano-particle, it will stay at the nano-particle more resistant to the high electric field and/or partial discharges than its surrounding matrix, and then will deviate to the matrix to attack. Such a process is repeated, as energy is supplied by ac voltage source. Therefore, tree paths must tend to be zigzag or tortuous, although there is no sufficient evidence for such characteristics thus far. As indicated in Figs. 5, 6 and 8, a tree is retarded in the nanocomposite, while it grows in pure epoxy, and expands its hollow branch channels.
It is interesting to note that there is a big difference in inner surfaces of broadened hollow channels between pure epoxy and its nanocomposite, as indicated in Figs. 7 and 9 . The inner surface of the channel with about 10 µm diameter is smooth in pure epoxy, while that of the channel with about 1 µm diameter is rough in its nanocomposite. Particles are educed onto the inner surface, which must be single or agglomerated nano-fillers. This eduction process is similar to the observed phenomena of nano-particle deposit caused by partial discharges (12) . Nano-fillers will act to decelerate widening of tree hollow channels. Much more time will be needed for tree propagation for nanocomposite than pure epoxy. This certainly helps increase time to breakdown.
A strange phenomenon was observed, as depicted in Fig. 15 . At low electric field from 500 to 800 kV/mm (10 to 15 kV), a tree grows step by step, as usually experienced. Under this condition, tree length is smaller in nanocomposite than in pure epoxy, as anticipated. But at high electric field from 1000 to 1300 kV/mm (20 to 25 kV), tree channels grow rapidly and their tip reaches the opposite electrode easily. Reach of the tree tip does not necessarily mean dielectric breakdown.
Nano-fillers will interact with this phenomenon, resulting in apparent contradictory observation. Surprisingly, nano-fillers act to accelerate tree growth at high field as unexpected, while they decelerate tree growth at low field as anticipated. Such a crossover phenomenon in fine tree progress is confirmed as shown in Fig. 15 . To avoid confusion, it should be noted that nanocomposites are superior in dielectric breakdown or final failure to pure epoxy. Figure 16 shows some aspect of a multi-core model for polymer nanocomposites (8) . It consists of the first, second and third layers. The first layer is related to the chemical bonding between a nano-filler and its surrounding polymer matrix such as silane couplings, i.e. inorganic and organic bonding that is considered to be as thick as several nm. This layer must certainly exist, if such an inorganic and organic bonding is formed. The second layer is formed under the influence of the first layer. It consists of more or less ordered structures such as crystalline, spherulitic, or stoichiometrically crosslinked configuration. It ranges about 10 nm. The third layer is outside the second layer and is considered to be amorphous or non-stoichiometrically crosslinked. This layer tends to have larger free volume than the other parts of the nanocomposite, and to include some impurities. Its width is about several tens nm. In addition, the electric double layer is formed due to the equalization of the Fermi levels or electro-chemical potentials of the two kinds of materials. Polarity must be determined by the electro-tribological tendency. Position of the electro-tribological interface is not decisive but must be the outer surface of the first layer. Charge distribution of the outer side of the electric double layer is shown in Fig. 16 . It represents a kind of delta function, but actually has a tail outside. This extends up to the Debye shielding distance. It is calculated as about 100 nm in some case, but is probably smaller than this, because no effect of such charge is experimentally apparent.
Multi-core Model for Treeing
Phenomena Observed in Treeing of Nanocomposites
Several phenomena of treeing characteristic of nanocomposites are summarized as compared to pure polymers and typically pure epoxy as follows. It is interesting how a multi-core model will interpret some or all of them and data of other electrical and dielectric properties consistently.
(１) Tree initiation is retarded at moderate field. (２) Tree growth is slower at moderate field.
(３) Tree growth is more rapid at high field. (４) Processes (2) and (3) exhibit a crossover phenomenon in tree growth at a certain time versus applied voltage.
(５) Tree paths are rather straightforward at high field. (６) Reach of a tree tip to the opposite electrode does not mean dielectric breakdown in both pure epoxy and its nanocomposite. Dielectric withstands applied voltage.
(７) Treeing breakdown strength is enhanced. (８) Treeing breakdown time is prolonged at relatively low field.
(９) Formed thin channels and thick channels own their respective characteristics.
Interpretation of Several Phenomena in Terms of a
Multi-core Model
It is stated in Section 5.2 that some mechanism is operative to suppress tree initiation in nanocomposites. It is closely related to the change in Coulombic barrier height. How does it happen? A nanocomposite is filled with enormous amount of nano-sized multi-cored particles, as shown in Fig 16. Each of the multi-cores possesses its respective electric double layer, as described in Section 5.3. They are all neutral in electric charge outside Debye shielding distance, but are biased in the interface between a metal electrode and a nanocomposite dielectric due to a charge distribution tail extended from the double layers. If the multi-cores are negatively charged outside the nano-particles, it is anticipated that the barrier height for electrons will increase due to charge balance. Increase in the barrier height will suppress charge (electron) injection and thereby tree initiation.
It seems to be difficult to explain the crossover phenomenon in terms of the multi-core model. But if a selective path is available, some explanation is possible. It must be influenced by a repulsion force that is hypothetical at present. Negative charge is exuded from each of the multi-cores in nanometer spacing, as taken into consideration above. Injected electrons are accelerated toward the opposite electrode, and are forced to be confined between the multi-cores due the Coulombic repulsion and to transport and form rather straight dielectric breakdown channels in the shortest distance. Shapes of the trees generated at high field in pure epoxy and its nanocomposite are considered to support this mechanism. Trees are rather straightforward in the nanocomposite at high field than in pure epoxy, as indicated in Fig. 12 .
Thin channels reach the opposite electrode. This is really a process of dielectric breakdown, but probably the channels are pressurized due to evaporation of the dielectric, and cannot absorb energy sufficient to failure from a high voltage source. It is necessary to broaden the thin hollow channels to lead final breakdown. Broadening takes place due to partial discharge inside the channels. Therefore, it corresponds to the process of erosion by partial discharges (12) . It is clear that the segmentation of polymers by nano-fillers will work effectively, as clarified in advance as for partial discharge resistance of nanocomposites. Nanocomposites will retard erosion inside the channels, and therefore will work to slow down the speed of propagation of widened channels. The first layer of the multi-core model, or the bonding strength of interface, must also work against widening of the channels from theoretical point of view. But there is no definite evidence available yet.
The multi-core model can explain other dielectric properties of nanocomposites without contradiction, threshold enhancement for photo-luminescence and space charge formation, permittivity decrease, and increase in partial discharge resistance, for instance. Some of them are described elsewhere (13) (14) .
Conclusion
(５) A crossover phenomenon is recognized in tree growth vs. applied voltage characteristics between pure epoxy and its nanocomposite. Selective paths for thin tree channel formation at high field are assumed in the nanocomposite for explanation.
(６) Increase in tree initiation threshold is explained by the increase in the height of a barrier between the electrode and the dielectric. This increase is substantiated by the effect of charge redistribution that is considered to be formed near the metal electrode. This charge redistribution must be caused by the collective role of the electric double layers that each of the multi-cores in a multi-core model may possess.
(10) From the standpoint of a multi-core model, it is expected that the rigid formation of the first layer or the bonding strength between fillers and matrices by chemical binding forces such as silane coupling will extend the time to broaden the diameter and length of the tree channels, and thereby the treeing life. But there is no direct evidence available yet. 
